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Prediction may be a fundamental principle of sensory processing: it has been proposed
that the brain continuously generates predictions about forthcoming sensory information.
However, little is known about how prediction contributes to the selection of a conscious
percept from among competing alternatives. Here, we used binocular rivalry to investigate
the effects of prediction on perceptual selection. In binocular rivalry, incompatible images
presented to the two eyes result in a perceptual alternation between the images, even
though the visual stimuli remain constant. If predictive signals inﬂuence the competition
between neural representations of rivalrous images, this inﬂuence should generate a bias
in perceptual selection that depends on predictive context.To manipulate predictive con-
text, we developed a novel binocular rivalry paradigm in which rivalrous test images were
immediately preceded by a sequence of context images presented identically to the two
eyes. One of the test images was consistent with the preceding image sequence (it was
the expected next image in the series), and the other was inconsistent (non-predicted).We
foundthathumanobserversweremorelikelytoperceivetheconsistentimageattheonset
of rivalry, suggesting that predictive context biased selection in favor of the predicted per-
cept.This prediction effect was distinct from the effects of adaptation to stimuli presented
before the binocular rivalry test. In addition, perceptual reports were speeded for predicted
percepts relative to non-predicted percepts.These results suggest that predictive signals
related to visual stimulus history exist at neural sites that can bias conscious perception
during binocular rivalry. Our paradigm provides a new way to study how prior information
and incoming sensory information combine to generate visual percepts.
Keywords: prediction, expectation, visual perception, ambiguous stimuli, multistable perception
INTRODUCTION
The visual system often receives ambiguous patterns of stimu-
lation that are compatible with multiple interpretations of the
visual environment. It therefore must use additional information
to construct a single perceptual interpretation of the world. What
is the nature of this additional information, and how does the
visual system combine this information with incoming sensory
signals to determine the contents of perceptual experience at any
given moment? One possibility, based on Bayesian accounts of
perception, is that prior knowledge about the likely contents of a
visual scene inﬂuences the interpretation of sensory signals (von
Helmholtz, 1866; Gregory, 1997; Weiss et al., 2002; Kersten et al.,
2004; Knill and Pouget, 2004; Kveraga et al., 2007; Hohwy et al.,
2008).Indeed,expectationsarisingfromrepeatedpresentationsof
visual stimuli or explicit instructions have been shown to facili-
tateprocessingof expectedstimuli,resultinginimprovedvisibility
(Sekuler and Ball, 1977; Eger et al., 2007; Esterman and Yantis,
2010; Melloni et al., 2011) and both speeded (James et al., 2000;
Egeretal.,2007;EstermanandYantis,2010)andenhanced(Dolan
et al.,1997) recognition of visual stimuli.
Since natural environments are structured in time, one poten-
tially rich source of prior information is patterns of visual
stimulation in the recent past. Predictive coding frameworks
describe how such a prior might be represented by neural activity,
proposing that the brain continuously generates predictions of
forthcoming sensory signals (Rao and Ballard, 1999; Friston,
2005). Comparisons of brain activity during expected and unex-
pected sensory stimulation have provided physiological evidence
consistent with these frameworks (Summerﬁeld and Koechlin,
2008; Alink et al., 2010). However, the effects of predictive neural
signals on conscious perception have not been well explored. In
particular,little is known about how prediction may inﬂuence the
selection of a speciﬁc percept from competing alternatives.
A few studies have used ambiguous stimuli to provide initial
insights into this question. For example, it has been shown that
pairing secondary cues with rotating stimuli whose direction of
rotationisdeﬁnedbybinoculardisparityallowsthesecuestoinﬂu-
ence perception of rotation direction when disparity information
is removed, making the physical rotation direction ambiguous
(Haijiang et al., 2006; Sterzer et al., 2008). Speciﬁcally, the sec-
ondary cues increase the probability that the ambiguous stimuli
willbeperceivedtorotateinthesamedirectionasinthepreceding
conditioning period, showing that cue-induced expectations can
inﬂuenceperceptualselection.Inaddition,primingoneperceptual
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interpretation of a binocular rivalry stimulus using either unam-
biguouslow-contraststimuli(Brascampetal.,2007;Pearsonetal.,
2008) or mental imagery (Pearson et al.,2008) has been shown to
bias perception during subsequent rivalry in favor of the primed
percept.
Closer to the question of prediction, Maloney et al. (2005)
foundthatrecentvisualexperienceinﬂuencestheperceptionof an
ambiguousapparentmotionquartet.Inthisstudy,subjectsviewed
sequences of quartets with unambiguous rotation directions fol-
lowedbyanambiguousquartetthatcouldbeperceivedasrotating
either clockwise or counterclockwise. Subjects’perceptual reports
were inﬂuenced by the pattern of the preceding sequence, with
an increased probability of interpreting ambiguous motion in a
manner that was consistent with the expectation generated by the
sequence.
Binocular rivalry provides a powerful and well-studied para-
digm for investigating the effects of predictive context on visual
perceptual selection. Binocular rivalry occurs when incompati-
ble images are presented to the two eyes, leading to a perceptual
alternation between the images, even though the visual stimuli
remain constant. Unlike many other types of multistable percepts
(Liebert and Burk,1985; Peterson,1986; Toppino,2003; Shimono
et al., 2011), binocular rivalry is often only weakly susceptible
to cognitive control (Meng and Tong, 2004). In addition, there
is evidence that binocular rivalry can be resolved at stages of
visual processing as early as monocular regions of V1 (Polonsky
et al., 2000; Tong and Engel, 2001) and the LGN (Haynes et al.,
2005; Wunderlich et al., 2005), although this point continues to
be debated (Logothetis et al., 1996; Lee and Blake, 1999; Blake
and Logothetis, 2002; Tong et al., 2006). Therefore, studying the
effects of predictive context on perceptual selection in binocu-
lar rivalry may improve understanding of the role of expectation
in early visual processing. In one theoretical proposal, perceptual
alternations during binocular rivalry are a product of predictive
coding mechanisms (Hohwy et al., 2008), but speciﬁc hypothe-
ses arising from this framework have not yet been experimentally
tested.
In order to investigate the effects of predictive visual infor-
mation on perceptual selection, we developed a novel binocular
rivalry paradigm. On each trial, we ﬁrst presented a sequence of
identical images to the two eyes that generated an expectation
about the next image in the series. We followed this predictive
sequence with a rivalry display in which the predicted image
was presented to one eye and a non-predicted image was pre-
sented to the other eye. We found that subjects were initially
more likely to select the predicted image than the non-predicted
image. In three additional experiments, we showed that only pat-
terns of visual stimulation in the recent time period before the
onset of rivalry contributed to the prediction effect and that
prediction of the upcoming stimulus and adaptation to preced-
ing stimuli had separate inﬂuences on perceptual selection. We
also observed speeded perceptual selection of predicted relative
to non-predicted stimuli. Our results suggest that predictive sig-
nals exist at neural sites that contribute to perceptual selection
during binocular rivalry, and they emphasize the importance of
prior information in determining the contents of conscious visual
experience.
GENERAL METHODS
SUBJECTS
Forty-ﬁvesubjectsparticipatedinoneormoreof theexperiments.
Five data sets were excluded from analysis (see Subject Exclusion),
resulting in a total of 41 subjects (aged 18–41years, 27 female),
15 of whom participated in Experiment 1, 8 in Experiment 2, 16
in Experiment 3, and 13 in Experiment 4. Two of the authors
participated in two experiments, and one author participated in
all four experiments.All subjects provided informed consent,and
all experimental protocols were approved by the Committee for
the Protection of Human Subjects at the University of California,
Berkeley.
VISUAL STIMULI
Stimuli were generated on a Macintosh PowerPC computer using
Matlab and Psychophysics Toolbox (Brainard, 1997; Pelli, 1997)
andweredisplayedontwohalvesofagamma-correctedNECMul-
tiSyncFE992CRTmonitorwitharefreshrateof60Hzataviewing
distance of 100cm. Subjects viewed all stimuli through a mirror
stereoscope with their heads stabilized by a chin rest.Visual stim-
uli were circular patches, 1.8˚ in diameter, and were surrounded
by a black annulus with a diameter of 2.6˚ and a thickness of 0.2˚.
Binocular presentation of this annulus allowed it to serve as a ver-
gence cue to stabilize eye position and to ensure that the rivaling
stimuli were presented to corresponding retinal locations in the
two eyes. All stimuli were presented at 10% contrast on a neutral
gray background (luminance of 59cd/m2), except in Experiment
4, in which the contrast of the stimuli was varied. All stimuli had
the same mean luminance as the background.
On each trial, subjects viewed a stream of items presented
identically to both eyes (the “pre-rivalry stream”), followed by a
pair of rivalrous stimuli. A brief auditory cue signaled the start
of each trial. Each stream item was presented for 300ms and
was followed by a 100ms blank period. The rivalrous test stim-
uli were always two monochromatic, sinusoidal grating patches
with a spatial frequency of 3cpd and orthogonal (±45˚) ori-
entations. Rivalrous stimuli were presented for 4, 5, or 10s in
Experiment 1 (ﬁxed stimulus duration for a given subject, with
N =4,5,and6,respectively),5sinExperiments2and4,and10sin
Experiment 3.
One of the rivalrous test gratings always had an orientation
thatwasconsistentwiththeprecedingpredictivecontext;thatis,it
was the expected next image following the pre-rivalry stream. We
call this the “matching” stimulus, since it matches the predictive
context. The orientation of the other rivalrous test grating (the
“non-matching”stimulus)wasorthogonaltothatof thematching
stimulus and was inconsistent with the predictive context.
RIVALRY TASK
After passively viewing each pre-rivalry stream, subjects continu-
ously reported their percept during presentation of the rivalrous
test stimuli by holding down one of two keys: (1) grating tilted to
theleft,and(2)gratingtiltedtotheright.Subjectswereinstructed
to begin responding whenever the stimuli stopped moving or
changing orientation in a regular fashion, to press a key continu-
ously for as long as the corresponding percept persisted, and not
to press any key for ambiguous percepts. Trials in which there
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was no response during the rivalry period were excluded from the
analysis.
MEASURES OF PERCEPTUAL SELECTION
We expected that predictive context effects would be strongest at
the beginning of the rivalry period,so analysis was focused on the
initial response to the rivalry stimuli. In particular, we measured
theproportionof trialsinwhichtheinitialperceptwasthematch-
ing vs. the non-matching grating. We also measured the latency
and duration of the initial response for both matching and non-
matching percepts. The experiments were designed to investigate
the effects of predictive context on initial rivalry percepts,and the
relatively short rivalry presentation durations did not allow these
effects to be assessed for subsequent percepts.
CATCH TRIALS
To ensure that subjects were following task instructions, approx-
imately 10% of the trials in each experiment were catch trials, in
which both eyes viewed identical left- or right-tilted gratings in
the“rivalry test”portion of the trial. Catch trials were counterbal-
anced for grating orientation predicted by the stream (left or right
tilt) and direction of tilt of the test stimuli (left or right). Catch
trial latencies were used to assess the possibility of response bias,
since response bias would be expected to lead to shorter response
latencies for catch trial stimuli matching perceptual expectations
than for non-matching catch trial stimuli.
EYE DOMINANCE SCREENING
Beforeparticipatinginthestudy,eachsubject’seyedominancewas
measured in a brief pre-test. On each of 24 trials, subjects viewed
staticorthogonalrivalrousgratingswith±45˚orientationsfor10s
and continuously reported their percept as described above. Pre-
rivalry streams were not presented in these screening trials. Eye
dominance was deﬁned as the relative number of trials in which
theinitialperceptualreportcorrespondedtothegratingpresented
to the left eye vs. the right eye.
SUBJECT EXCLUSION
Subjects with strong eye dominance were excluded because a sub-
stantialbiasinfavorof theleftorrighteyeduringbinocularrivalry
limits assessment of the effects of experimental manipulations
in this study. Subjects whose initial eye dominance in either eye
was greater than 85% during the eye dominance screening session
were excluded and did not participate in any portion of the study.
We also measured eye dominance throughout each experiment by
analyzing initial rivalry responses and excluded subjects who had
>85% eye dominance for at least half of the experimental session.
In addition to subjects who did not pass the initial eye domi-
nancescreen,ﬁvedatasetsfromindividualsubjectswereexcluded
from speciﬁc experiments (one from Experiment 1, three from
Experiment 3, and one from Experiment 4). In each of Experi-
ments 1 and 3, one subject was excluded for exhibiting excessive
eye dominance during the experiment. In Experiment 3,one sub-
jectwasexcludedasanoutlier(proportionﬁrstresponsematching
was more than 2.5 SD away from the sample mean for one con-
dition comparison). Finally, one subject was excluded in each of
Experiments 3 and 4 for using incorrect response keys.
EXPERIMENT 1
Subjects viewed a predictive stimulus stream consisting of a series
of oriented gratings presented identically to the two eyes. This
stream generated a percept of rotating apparent motion, thereby
establishing an expectation regarding the orientation of the next
imageintheseries(Figure1A).Wemeasuredtheeffectof thispre-
dictive context on subsequent perceptual selection during rivalry
betweenorthogonalgratings.Wehypothesizedthatpredictiveand
sensory information would be integrated, increasing the likeli-
hood of selecting the predicted percept. In this framework, pre-
dictive context functions as a prior that inﬂuences perceptual
interpretation of the ambiguous visual stimuli.
METHODS
The pre-rivalry stream consisted of a sequence of monochromatic
sinusoidalgratingpatcheswithaspatialfrequencyof3cpd.Orien-
tations of successive stream items either increased or decreased by
45˚, generating an apparent motion percept of rotation in either
the clockwise or counterclockwise direction (Figure 1A). In the
subsequent rivalry test,one of the two static gratings (the“match-
ing”grating) had the orientation that came next in the apparent-
motionseries,andtheothergrating(the“non-matching”grating)
hadanorientationorthogonaltothatpredictedbythestream.The
orientation of the ﬁrst pre-rivalry stream stimulus was selected
FIGURE 1 | Experiment 1: Predictive context in a pre-rivalry rotation
stream inﬂuences initial perceptual selection in binocular rivalry.
(A) Schematic of the stimuli (pre-rivalry stream and rivalry test).This
example stream has clockwise rotation and ﬁve stream items shown.
Stream items were always presented identically to both eyes, and rivalry
items were always a pair of gratings with orthogonal ±45˚ orientations,
with one of the two gratings matching the rotation direction (i.e., it was the
expected next item in the rotation stream). (B) Subjects initially perceived
the rivalrous grating that matched the rotation direction more often than
they initially perceived the non-matching grating whenever the number of
stream items was sufﬁcient to deﬁne a rotation direction (two or more
stream items).The size of this effect was similar for all stream durations
from 2 to 15 items. Error bars are SEM.
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so that the rivalrous gratings would always have oblique (±45˚)
orientations.
There were four pre-rivalry stream conditions: number of
streamitems(between0and15),thegratingorientationpredicted
by the stream (left or right tilt), the eye to which the “matching”
rivalrousgratingwaspresented(leftorrighteye),andstreamrota-
tion direction (clockwise or counterclockwise). The four stream
conditions were fully counterbalanced across trials, resulting in a
16×2×2×2design.Subjectscompletedeither24or32trialsfor
each stream length,and all conditions were randomly intermixed.
RESULTS
Perceptual selection is biased in favor of the predicted percept
A rotation stream of variable length (0–15 stream items;
Figure 1A) was followed by presentation of a rivalrous pair of
test gratings. The rotation stream generated a consistent percept
of rotatingapparentmotionineitheraclockwiseorcounterclock-
wisedirection,andoneof therivalrousstimuliwasconsistentwith
thisapparentmotionpercept(the“matching”stimulus),whilethe
other (the“non-matching”stimulus) was not.
The results provide clear support for our hypothesis that pre-
diction would inﬂuence perceptual selection: for rotation streams
withtwoormoreitems(theminimumnumberneededtoestablish
an apparent motion percept), perceptual selection in binocular
rivalry was consistently biased in favor of the matching grating.
Speciﬁcally, the matching grating was initially selected on about
60% of trials, regardless of the number of items in the stream
(Figure 1B).
EXPERIMENT 2
In Experiment 1, the predictive context provided by rotation
streams with 2–15 items enhanced selection of the matching grat-
ing, but the size of this effect did not depend on the length of the
stream. We therefore asked in Experiment 2 whether very recent
stimulus history (only the two items immediately preceding the
rivalry test) was sufﬁcient to bias perceptual selection, even for
longer stream conditions.
METHODS
Half of the streams were composed of gratings that rotated either
clockwiseorcounterclockwise(asinExperiment1),andtheother
half were scrambled such that each orientation in the rotation
stream was presented in a random position in the scrambled
stream sequence (Figure 2A). However, for both rotation and
scrambled trials, the ﬁnal two stream items preceding the rival-
rousteststimuluswerealwaysconsistentwithaparticularrotation
direction. This rotation direction deﬁned the “matching” and
“non-matching”rivalrous test grating. For scrambled streams, we
ensured that there were no complete rotations in the stream by
requiring at least two items in the ﬁrst part of the stream to be dif-
ferent from the original rotation sequence. There were ﬁve stream
conditions which were fully counterbalanced across trials: stream
type (scramble or rotation), number of stream items (between 4
and 7), and the same ﬁnal three conditions as in Experiment 1
(grating orientation predicted by the stream,the eye to which that
matching grating was presented, and stream rotation direction).
Subjects completed 24 trials for every combination of stream type
FIGURE 2 | Experiment 2: Effects of predictive context depend only on
recent stimulus history. (A) Schematic of the stimuli. For the scrambled
condition, the order of the gratings in the ﬁrst part of the rotation stream
(preceding the ﬁnal two items) was randomized so that the ﬁrst part of the
stream did not contain a consistent rotation. However, the two stream
items immediately before the rivalry test were always consistent with a
particular rotation direction (in this example, clockwise) for both rotation
and scrambled trials. (B) Scrambling the sequence of orientations in the
stream prior to the ﬁnal two stream items did not diminish the rotation
matching effect. Error bars are SEM.
and number of stream items, and all conditions were randomly
intermixed.
RESULTS
Recent stimulus history drives predictive effects on perceptual
selection
We compared initial perceptual selection for rivalrous test stimuli
presented after streams with either a scrambled sequence of ori-
entations in the initial part of the stream or with fully coherent
rotation throughout (Figure 2A). If consistent predictive stimu-
lus history over an extended viewing period is required for the
rotation matching effect, then disruption of predictive context in
the early part of the stream in the scrambled condition should
reduce the size of this effect, compared to the full rotation con-
dition. However, if only recent stimulus history is responsible for
the rotation matching effect, then the size of the effect should be
identical in the rotation and scrambled conditions, and this is the
result that was obtained.
For rotation streams, we found increased selection of the pre-
dicted percept (combining all stream lengths), replicating the
results of Experiment 1 [t(7)=21.28, p <0.001; Figure 2B].
Scrambled streams also generated a signiﬁcant rotation matching
effect [t(7)=29.77, p <0.001; Figure 2B], suggesting that con-
sistent rotation throughout the stream was not required for the
effect. Moreover, there was no signiﬁcant difference between the
rotation and scrambled conditions in the size of the mean match-
ing effect across all stream lengths [paired t-test, t(7)=0.19, n.s.;
Figure2B].Together,theseresultsshowthatthepredictivecontext
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provided by only the two items immediately preceding the rivalry
test was sufﬁcient to maximally bias perceptual selection in this
paradigm.
EXPERIMENT 3
Orientation-speciﬁc adaptation to stream gratings might have
contributed to the rotation matching effects observed in Exper-
iments 1 and 2. The stimuli in these experiments controlled for
adaptation to the ﬁnal stream item, because the angular differ-
ence between the ﬁnal stream grating and each of the rivalrous
gratings(bothmatchingandnon-matching)wasalways45˚.How-
ever, it was still possible that the rotation matching effect was
inﬂuencedbyorientation-speciﬁcadaptationtothesecond-to-last
stream item (Figure 3A). This grating always had the same orien-
tation as the non-matching rivalry grating, so it was possible that
adaptation to this grating biased perceptual selection against the
non-matching grating orientation (e.g., Blake and Overton, 1979,
but also see Brascamp et al., 2007), perhaps contributing to the
rotation matching effect.We conducted Experiment 3 to compare
the effects of prediction and adaptation on perceptual selection in
this paradigm.
FIGURE 3 | Experiment 3: Separate contributions of prediction and
adaptation to the matching effect. (A) Schematic of the stimuli. Left: An
example rotation stream showing how adaptation to the second-to-last
stream item could bias selection toward the matching stimulus. Right:To
control for adaptation, the ﬁnal stream item was replaced with one of three
other stimuli (plaid, bullseye, or blank; the blank condition is shown here).
These alternative ﬁnal stream items reduced the perception of rotation
while maintaining any orientation-speciﬁc adaptation to the second-to-last
stream item. (B)The size of the rotation matching effect decreased with
increasing disruption of rotation perception.The bullseye and blank
conditions quantify the effects of adaptation alone, as no perception of
rotation was possible for these conditions.The matching effect for the
rotation condition was signiﬁcantly larger than that for the bullseye or blank
condition, indicating an effect of predictive context that cannot be
accounted for by adaptation. Error bars are SEM.
∗∗p <0.01;
∗∗∗p <0.005.
METHODS
Subjects viewed two pre-rivalry stream items on all trials, based
on our ﬁnding from Experiments 1 and 2 that two stream items
were sufﬁcient to produce the rotation matching effect. The ﬁrst
stream item was always a sinusoidal grating with an orienta-
tion of either +45˚ or −45˚, presented to both eyes. The second
stream item, also presented binocularly, was one of the following:
a vertical or horizontal grating (generating,together with the ﬁrst
stream item, apparent clockwise or counterclockwise rotation, as
in Experiment 1),a blank (mean luminance),a bullseye pattern of
3-cpd sinusoidal concentric circles, or a plaid pattern formed by
superimposing vertical and horizontal 3-cpd gratings.
The blank,bullseye,and plaid stimuli were designed to disrupt
rotational apparent motion perception for the pre-rivalry stream,
compared to the rotation stimulus. In all trials, the orientation of
the ﬁrst stream item determined the orientation of the test grat-
ingthatwouldbeconsistentwithperceivedrotationalmotionand
therefore deﬁned which rivalrous test grating was“matching”and
which was “non-matching.” Each trial had four fully counterbal-
anced conditions: stream type (the four types described above)
and the same ﬁnal three conditions as in the earlier experiments
(grating orientation predicted by the stream,the eye to which that
matching grating was presented, and stream rotation direction).
Each subject completed 48 trials for each stream type, and all
conditions were randomly intermixed.
RESULTS
Separate effects of prediction and adaptation on perceptual
selection
To determine the contribution of adaptation to the matching
effect,wecreatedstreamsthatpreservedthesecond-to-laststream
item,therebymaintainingorientation-speciﬁcadaptation,butthat
alteredtheﬁnaliteminthestream,therebyreducingoreliminating
the perception of stream rotation (Figure 3A). Perceptual selec-
tionforthesereducedpredictivecontextstreamswascomparedto
that for a full rotation condition.
This experiment included a total of four stream conditions
(Figure 3B). Matching effects in the rotation condition could be
due to prediction, adaptation, or some combination of these fac-
t o r s .I nt h eblank and bullseye conditions, there was no apparent-
motion percept (and therefore no predictive information avail-
able), so any bias in perceptual selection for this condition could
only be due to adaptation. Finally, the plaid condition was an
intermediate condition in which the presence of both vertical and
horizontal grating components in the plaid may have interfered
with the perception of apparent motion in the stream without
abolishing it altogether. This is because both vertical and hor-
izontal components were consistent with the same “matching”
rivalry grating. For example, a left-tilted grating followed by a
plaid could be seen as clockwise apparent motion if the ver-
tical plaid component were emphasized or as counterclockwise
apparent motion if the horizontal plaid component were empha-
sized, but both of these apparent rotation percepts predict a
right-tilted matching grating during the rivalry test. The plaid
condition therefore contains some predictive context but presum-
ablygeneratesaweakerapparentmotionperceptthantherotation
condition.
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The results of Experiment 3 revealed separate effects of adap-
tation and prediction on perceptual selection (Figure 3B). There
were reliable matching effects in the adaptation-only conditions
(blank and bullseye), indicating that orientation-speciﬁc adapta-
tion to the second-to-last stream item biased selection against the
non-matching (adapted) grating. However, the matching effect
for the rotation condition (resulting from both adaptation and
prediction effects) was signiﬁcantly larger than the adaptation-
only effects [rotation vs. blank, t(15)=3.36, p <0.005; rotation
vs. bullseye, t(15)=2.96, p <0.01], indicating that prediction
enhances the rotation matching effect beyond what is found for
adaptation alone. The size of the matching effect for the plaid was
in between that of the rotation condition and the adaptation-only
conditions,asexpectedif thisstimulusproducedintermediatelev-
els of apparent motion perception. Thus,the effects of pre-rivalry
stream rotation on perceptual selection of binocular rivalry stim-
uli reﬂect a combination of adaptation and prediction effects that
can be experimentally dissociated.
EXPERIMENT 4
Thestrengthof orientation-selectiveadaptationdependsonstim-
ulus contrast (Blakemore and Nachmias, 1971), while predictive
context is provided for any contrast for which the stream items
are visible. We therefore conducted Experiment 4 to measure
the contrast dependence of the adaptation and prediction effects
described above.
METHODS
The rotation and blank stream conditions from Experiment 3
were used, and the items in the streams had 5, 25, or 100% con-
trast. The contrast of the rivalrous gratings was also 5, 25, or
100%,independentof thestreamcontrast.Thus,eachtrialhadsix
fullycounterbalancedconditions:streamtype(rotationorblank),
streamitemcontrast,rivalrousstimulicontrast,andtheﬁnalthree
conditions as in the earlier experiments. “Matching” and “non-
matching”rivalrous test gratings were deﬁned as in Experiment 3.
Each subject completed 32 trials for every combination of stream
type, stream item contrast, and rivalrous stimuli contrast, and all
conditions were randomly intermixed.
RESULTS
Effects of stimulus contrast dissociate prediction and adaptation
We independently varied the contrast of the stream items and
of the rivalrous stimuli for both the rotation and blank condi-
tions from Experiment 3 and observed a main effect of stream
contrast [ANOVA, F(2,48)=11.95, p <0.001; Figure 4], with
increasing stream contrast causing a dramatic increase in the
magnitude of the matching effect in the blank (adaptation-only)
condition. However, increasing stream contrast led to a smaller
increase in the matching effect in the rotation condition [stream
contrast×stream type interaction, F(2,48)=10.74, p <0.001],
mainly due to the signiﬁcantly larger matching effect for the rota-
tioncomparedtotheblankconditionattheloweststreamcontrast
[ANOVA for 5% stream contrast condition,main effect of stream
type,F(1,24)=7.31, p <0.05]. At this low contrast, adaptation is
weak, and prediction effects dominate.
FIGURE 4 | Experiment 4: Effects of stream contrast on prediction and
adaptation. Increasing the contrast of the stream items increased the size
of the matching effect for the blank condition more than for the rotation
condition.The prediction effect corresponds to the difference between the
rotation and blank values and was greatest at the lowest stream contrast.
The blank condition quantiﬁes the effects of adaptation alone, and these
effects were larger for higher stream contrasts. Error bars are SEM.
∗p <0.05.
We also observed a main effect of contrast of the rivalrous test
gratings [F(2,48)=8.65, p <0.005], with the size of the match-
ing effect decreasing as rivalry stimulus contrast increased, for
bothrotationandblankconditions[nointeractionbetweenrivalry
stimuluscontrastandstreamtype:F(2,48)=0.01,n.s.].Thiseffect
of rivalrystimuluscontrastcouldbebecausecompetitionbetween
higher contrast rivalry stimuli is less affected by either predic-
tion or adaptation. Because the blank condition represents only
adaptation effects,while the rotation condition includes effects of
both adaptation and prediction, the lack of a signiﬁcant interac-
tion indicates that adaptation was the more important factor in
the effect of rivalry stimulus contrast. Figure 4 displays data for
each stream contrast condition, collapsed across rivalry stimulus
contrast.
Thedifferenteffectsofstreamcontrastintherotationandblank
conditions provide an additional dissociation of prediction and
adaptation effects. This experiment showed a robust prediction
effect even for a very low (but still above the visibility threshold)
streamcontrastof 5%,whileadaptationeffectswereminimizedat
thiscontrast.Theseresultssuggestthatlow-contraststimulicanbe
used to reduce adaptation effects,providing a strategy for empha-
sizing prediction effects that could be employed in future studies
of predictivecontext.Experiments1–3used10%contrastforboth
pre-rivalry stream and rivalry stimulus items, and this relatively
low contrast may have helped to reveal prediction effects in these
experiments.
ADDITIONAL RESULTS
PREDICTION SPEEDS PERCEPTUAL SELECTION AS MEASURED BY
LATENCY TO REPORT INITIAL PERCEPT
So far we have demonstrated that predictive context affects which
percept is initially selected during binocular rivalry. We also ana-
lyzed the effects of predictive context on the latency and duration
of the initial response to the rivalrous test stimuli. We present
latencydataforExperiment3becauseitcontainsthemosteffective
experimentalcontrolof adaptationeffects.Fortheconditionsthat
contain predictive context (rotation and plaid),response latencies
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were shorter for matching than for non-matching initial percepts,
while no differences between matching and non-matching ini-
tial percepts were observed for the bullseye and blank conditions,
which lack predictive context [Figure 5; rotation, t(15)=4.26,
p <0.001;plaid,t(15)=3.06,p <0.01;bullseye,t(15)=1.73,n.s.;
blank, t(15)=1.63, n.s.]. Therefore, adaptation effects alone do
not reliably speed perceptual report, while prediction does. Simi-
lar results were also obtained in Experiments 1,2,and 4:we found
shorterresponselatenciesformatchingthanfornon-matchingini-
tialpercepts,indicatingthatpredictivecontextspeededperceptual
report for predicted stimuli.
We observed less consistent effects of prediction on the dura-
tion of the initial response across the experiments. Our ability to
accurately estimate the initial response duration may have been
affected by the duration of the rivalry test period, which was 10s
or shorter, depending on the experiment. Because of this lim-
ited response window, some initial responses were maintained
until the end of the trial and terminated at that point. When
we excluded those truncated responses, we found a longer mean
duration of initial responses for matching than for non-matching
stimuli in the rotation condition for all four experiments. In
Experiment 3, the difference in mean ﬁrst response duration
between matching and non-matching trials with non-truncated
initial responses was signiﬁcant only in the rotation condition
[rotation, t(15)=2.82, p <0.05; plaid, t(15)=0.19, n.s.; bulls-
eye,t(15)=0.19,n.s.;blank,t(15)=1.11,n.s.]. This suggests that
prediction prolongs the predicted initial percept compared to the
non-predicted percept.
POSSIBLE CONTRIBUTION OF RESPONSE BIAS TO PREDICTIVE
CONTEXT EFFECTS
In principle, the effects of predictive context we report could be
due to perceptual selection of matching stimuli and/or a response
bias in favor of these stimuli. However, data from catch trials
argueagainstasimpleresponsebiasasthesourceof ourpredictive
FIGURE5|E f f ects of prediction and adaptation on latency of initial
response. Results from Experiment 3 are shown. Response latencies were
shorter for initially reported matching compared to non-matching rivalry
stimuli.This effect was observed only in the rotation and plaid conditions,
suggesting that prediction but not adaptation speeded perceptual report.
Error bars are between-subject standard errors of the difference between
matching and non-matching percept response latencies.
∗∗p <0.01;
∗∗∗p <0.001.
context effects. Every experiment contained catch trials, in which
the pre-rivalry stream sequences were the same as in the experi-
mental trials, but instead of a rivalrous pair of gratings, the same
grating was presented to both eyes. For these unambiguous test
stimuli, there were no signiﬁcant effects of predictive context in
any experiment, either on the initially selected percept (propor-
tionof responsesmatchingtherotationdirection)orontheinitial
response latency (matching vs. non-matching responses). These
ﬁndings suggest that predictive context did not result in errors in
perceptual report that led subjects to report the matching percept
when they did not actually see it and did not result in subjects
responding to a matching stimulus more quickly, given identical
perceptual latencies for matching and non-matching stimuli.
DISCUSSION
Our experiments provide the ﬁrst evidence that predictive infor-
mation inﬂuences perceptual selection during binocular rivalry:
stimulithatwereconsistentwiththeestablishedpredictivecontext
tended to dominate over inconsistent stimuli in initial perceptual
selection. We further characterized three key aspects of the effects
of predictive information on perceptual selection in our para-
digm. First, we showed that only recent visual stimulus history
contributed to the prediction effect. As few as two stream items
(the minimal number required to establish a rotation direction)
produced the maximal rotation matching effect (Experiment 1),
andintroducingrandomsequencesof gratingorientationpriorto
these two stream items did not change the size of the matching
effect(Experiment2).Second,predictionandorientation-speciﬁc
adaptation separately contributed to the matching effect (Exper-
iment 3), and the results of Experiment 4 suggest a strategy for
minimizingtheinﬂuenceofadaptation,namelyusingalowstream
contrast.Adaptationeffectswerereducedforlowstreamcontrasts,
while prediction effects were robust for all tested contrasts. Third,
subjectswerefastertoreportinitialperceptsthatmatchedthepre-
dictive context compared to those that did not. In Experiment 3,
this effect was speciﬁc to the prediction conditions and was not
found in the adaptation-only conditions.
PREDICTIVE CONTEXT AND RESPONSE LATENCY
We found that the latency of the ﬁrst response was shorter for
percepts that matched the expectations established by predictive
context. Physiological studies also suggest that prediction may
reduce the latency of neural responses to expected stimuli. Mel-
loni et al. (2011) found that EEG activity differentiating seen and
unseen stimuli occurred about 100ms earlier when the visual
stimulus was expected compared to when it was unexpected. In
addition,James et al. (2000) showed that BOLD responses peaked
earlier for primed than for unprimed visual stimuli in a manner
that correlated with behavioral report. Finally, latencies of single
cellresponsestoimagesembeddedinnaturalsequencesareshorter
than response latencies for the same images presented in isolation
(Perrett et al.,2009).
EFFECTS OF PRIMING ON PERCEPTUAL SELECTION
Perceptual history has previously been shown to contribute to
perceptual selection during binocular rivalry in various prim-
ing paradigms. Intermittent presentations of rivalry stimuli tend
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to stabilize the perceptual interpretation, such that the percep-
tual alternations characteristic of continuous rivalrous viewing
are markedly slowed (Leopold et al., 2002; Pearson and Bras-
camp, 2008). In this case, priming arises from a neural signal
associated with the previous perceptual decision and not with the
stimulus per se, since the stimulus is always ambiguous. Unam-
biguous primes can also increase the likelihood that the primed
stimulus will be selected during subsequent rivalry. This effect
dependsstronglyoncontrast,withlowercontrastprimesfacilitat-
ing subsequent selection of the prime,and higher contrast primes
suppressing it as a result of adaptation (Brascamp et al., 2007;
Pearson et al., 2008). Mental imagery can also bias subsequent
selection during rivalry toward the previously imagined percept
(Pearson et al., 2008).
In the present study, the rotating pre-rivalry stream could be
considered a prime for the predicted rivalry stimulus. However,
our experiments are importantly different from previous binoc-
ular rivalry priming studies in that the predicted (“primed”)
orientation never appeared immediately before the rivalry period
and indeed was often not presented at any time during the pre-
rivalry stream. Therefore, the effects of predictive context in our
study could not be due to a residual memory trace from a pre-
viously presented stimulus but instead were due to a predictive
signal speciﬁc to the expected grating orientation. Likewise, our
predictive effects were likely not due to subjects imagining the
expected next stimulus, since imagery effects are negligible for
briefimagerydurations(Pearsonetal.,2008),andtherivalrystim-
uli were always presented immediately after the pre-rivalry stream
inourexperiments.Nonetheless,itispossiblethatselectionbiases
due to stimulus priming, imagery, and prediction share common
neural and/or psychological substrates, a question which will be
of interest in future research.
ATTENTION AND PREDICTIVE CONTEXT
It is possible that increased allocation of attention to the features
of the expected stimulus may have played a role in the prediction
effects we observed. Exogenously cueing attention to one of two
superimposed stimuli has been shown to increase the likelihood
thatthecuedstimuluswillinitiallydominatewhenthetwostimuli
aremaderivalrous(OoiandHe,1999;Mitchelletal.,2004;Chong
and Blake, 2006; Hancock and Andrews, 2007). Similar effects on
initial dominance have been found when endogenous attention is
directed toward one of the stimuli during a difﬁcult task prior to
binocular rivalry (Chong and Blake, 2006).
It should be noted, however, that in these studies, a cue draws
attention to a currently visible stimulus, thereby increasing the
likelihoodthatthecuedstimulusperceptuallydominatesinasub-
sequent rivalry period. This is different from our study, in which
the grating presented immediately before the rivalry display (the
ﬁnal stream item) has equal angular distance from the two rival-
rous gratings. If attention were simply cued to the features of the
ﬁnal grating in the pre-rivalry stream,it would not favor either of
the rivalrous gratings.
In creating predictive context that generates an expectation
abouttheappearanceofafuturestimulus,ourstudyshouldalsobe
distinguished from previous studies of expectation that have used
instructions to generate an attentional set for a particular kind
of stimulus (Summerﬁeld et al.,2006; Summerﬁeld and Koechlin,
2008; Summerﬁeld and Egner,2009). In these studies,many types
of stimuli appear with equal likelihood, but only one type (the
“expected”stimulus)isrelevantforperformingthetask.Wemight
call expectations of this type “attentional expectations.” In our
study,ontheotherhand,subjectspresumablyexpectthatastimu-
lus rotating in a particular direction will continue to rotate in that
direction, but the predicted and non-predicted stimuli (matching
and non-matching orientations) are equally task relevant. Such
expectations about the likely future state of the stimulus are“per-
ceptual expectations.” An important task for future research will
be to understand how these two types of expectations are rep-
resented in the brain and how they inﬂuence the processing of
sensory signals (Summerﬁeld and Egner,2009).
Finally, attention and predictive coding mechanisms are
thoughttohavedifferenteffectsonsensoryresponsesinthebrain,
with attention facilitating (Carrasco, 2011) and predictive coding
mechanisms suppressing responses at early stages of visual pro-
cessing (Summerﬁeld and Koechlin, 2008; Garrido et al., 2009;
Alink et al., 2010; Melloni et al., 2011; but see Spratling, 2008,
2010 for an attempt to reconcile effects of attention and predic-
tive coding in a single model). An attention-based account of our
predictive context effects would postulate enhanced responses in
neurons representing the predicted stimulus at lower hierarchical
levels of the visual system, while reduced responses in these areas
would be consistent with predictive coding models.
RELATIONSHIPS WITH OTHER EFFECTS OF PREDICTIVE VISUAL
MOTION CONTEXT ON PERCEPTION
The prediction effects we describe may share mechanisms with
recently reported effects of predictive motion extrapolation on a
visual detection task (Roach et al., 2011). In this study, detection
performance for patterned targets at the leading edge of a mov-
ing grating was measured, and the results suggest that the visual
system generates a predictive signal resembling a low-contrast
extrapolationof thegratinginthedirectionof motion.Theeffects
depended on the spatial phase of the gratings and extended over
only about 1˚ of visual angle,leading the authors to speculate that
they could be mediated by cortical area V1. A similar weak but
pattern-speciﬁcrepresentationgeneratedbyextrapolationofrota-
tional motion could also account for the predictive rivalry effects
we observed. Our results suggest that this type of motion signal
extrapolation could inﬂuence not only visual sensitivity but also
perceptual selection during ambiguous visual stimulation.
Our ﬁndings may also be related to the phenomenon of rep-
resentational momentum – the observation that memory for the
ﬁnal position of a moving target is mislocalized in the direction of
motion(FreydandFinke,1984;Hubbard,2005).Representational
momentum can be observed following presentation of a series of
discreteviewsof arotatingtarget,inwhichmotionwasimplied(as
inourstudy;FreydandFinke,1984;FreydandJohnson,1987).The
spatiotemporal continuity of motion may be a particularly strong
prior that could play a role in a range of perceptual and neural
effects (Watamaniuk and Mckee, 1995; Doherty et al., 2005).
PRIORS AND PERCEPTION
An important question for future research is the extent to which
the predictive effects we report generalize to other types of priors.
Although they are not always discussed in a Bayesian framework,
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otherrivalrystudieshavealsodocumentedwhatmaybetheeffects
ofpriorsonperceptualselection.Forexample,imageswithnatural
imagestatisticstendtodominateovermoreartiﬁcialimages(Baker
and Graf, 2009), upright faces tend to dominate over inverted
faces (Engel,1956; Zhou et al.,2010),and images of ﬂoors tend to
dominate over images of ceilings (Ozkan and Braunstein, 2009).
Theseﬁndings,includingourown,canbeinterpretedasempirical
evidence for a long-standing notion, that perception is an infer-
ence process (von Helmholtz, 1866; Gregory, 1997; Kersten et al.,
2004; Kveraga et al., 2007). Bayesian modeling of perception of
ambiguousvisualdisplayshasbeenaparticularfocusoftheoretical
work in this vein (Dayan,1998; Schrater and Sundareswara,2007;
Hohwy et al., 2008; Sundareswara and Schrater, 2008; Gershman
et al., 2009), and recent empirical work shows that Bayesian cue
combination can explain perception of a bistable depth stimulus
(Moreno-Bote et al.,2011).
PREDICTIVE CODING AND NEURAL MECHANISMS OF BINOCULAR
RIVALRY
In predictive coding models of the visual system (Mumford,1992;
Rao and Ballard, 1999; Friston, 2005; Friston and Kiebel, 2009),
higher levels of the visual hierarchy predict upcoming responses
in lower levels, and these predictions are compared with actual
responses in the lower levels via an inhibitory mechanism. Resid-
ual signal in the lower levels therefore serves as an error signal
that is then transmitted to higher levels in order to improve future
predictions.Accordingtothismodel,posteriorinformationabout
the percept is represented at higher hierarchical levels, and the
dominant percept corresponds to the perceptual hypothesis with
the highest posterior probability. Top-down predictions therefore
explain away predicted bottom-up signals, and so the representa-
tion of a stimulus at the lower levels should have reduced error-
relatedactivitywhilethatstimulusisperceived(Murrayetal.,2002;
Friston,2005;Hohwyetal.,2008;SummerﬁeldandKoechlin,2008;
Alink et al.,2010).
Neurophysiological studies during binocular rivalry have
yielded mixed results regarding correlations between perception
and activity in different visual areas. Few (if any) neurons in early
visual areas such as the LGN (Lehky and Maunsell, 1996; Wilke
et al., 2009) and V1 (Leopold and Logothetis, 1996) have spiking
responses that vary as a function of perception during binocular
rivalry.Incontrast,latervisualcorticalareassuchasV4,MT,andIT
have more neurons with perceptually correlated responses (Logo-
thetis and Schall, 1989; Leopold and Logothetis, 1996; Sheinberg
and Logothetis,1997). This increase in the proportion of neurons
whose activity reﬂects the perceptual interpretation of a rivalry
stimulus at increasingly higher levels of the visual processing hier-
archy is consistent with predictive coding frameworks, in that the
highest levels of predictive coding hierarchies should most closely
reﬂect the ﬁnal perceptual interpretation. That being said, these
neurophysiologicalstudiesallemployedstimulithatwerematched
to the response preferences of the recorded neurons in each visual
area, raising the possibility that perception-related neural modu-
lationdependsonstimuluscomplexity,asneuronsinhigher-order
areas respond preferentially to more complex stimuli than those
in lower-order areas. However, even for similar rivalrous grating
stimuli, the proportion of neurons with perceptually modulated
responses is higher in V4 than in V1/V2, making it unlikely that
stimulus complexity is the only factor accounting for differences
betweenvisualareasinpercept-relatedmodulations(Leopoldand
Logothetis, 1996).
In predictive coding frameworks, lower hierarchical levels
should carry an error signal for suppressed percepts,and the exis-
tence of neurons in V4 (Leopold and Logothetis, 1996) and MT
(Logothetis and Schall, 1989) that show enhanced responses dur-
ing rivalry suppression of their preferred stimulus may be consis-
tent with this. On the other hand, Leopold and Logothetis (1996)
didnotﬁndV1/V2neuronsthatshowedenhancedresponseswhen
their preferred stimulus was perceptually suppressed, which is at
odds with predictive coding models and may be an interesting
avenue for further investigation.
In contrast to single cell activity, fMRI and low frequency
(<30Hz) LFP signals have been shown to correlate strongly with
perception during binocular rivalry in visual areas as early as V1
(fMRI:Polonsky et al.,2000;Tong and Engel,2001;Lee and Blake,
2002; Lee et al.,2005; LFP:Wilke et al.,2006) and the LGN (fMRI:
Haynes et al., 2005; Wunderlich et al., 2005; LFP: Wilke et al.,
2009).Inthecontextofpredictivecoding,theseresponsescouldbe
interpretedasreﬂectingtop-downpredictivefeedbackfromhigher
corticalregions(Hohwyetal.,2008),particularlyifBOLDandLFP
signals primarily reﬂect synaptic inputs to a given population of
neurons (Logothetis et al., 2001; Logothetis, 2008).
CONCLUSION
The extent to which the resolution of binocular rivalry is driven
by competition between representations at lower levels, higher
levels, or multiple hierarchical levels in the visual system has
been the subject of much debate (Logothetis et al., 1996; Lee and
Blake, 1999; Blake and Logothetis, 2002; Tong et al., 2006). Our
approachofexperimentallymanipulatingtop-downpriorsonper-
ceptual selection could help to clarify this question by providing
experimentally distinguishable hypotheses about how prior infor-
mation and sensory information combine within neural circuits.
Such studies could be especially informative when psychophysical
manipulationsof priorinformationarecombinedwithphysiolog-
ical measures of neural activity at different hierarchical levels in
the visual system.
H e r e ,w eh a v ed e m o n s t r a t e dp r e d i c t i v ee f f e c t so np e r c e p t u a l
selection during binocular rivalry. Therefore, predictive context
inﬂuences what is often thought to be a low-level competitive
process in a manner consistent with theories of predictive coding.
Our ﬁndings suggest that the visual system uses recently encoun-
tered visual information to help construct a single perceptual
interpretation of a scene. Thus, predictive information may play
an important role in natural vision by helping to constrain per-
ceptual interpretations of the visual world to those that are most
consistent with the recent past.
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